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Abstract: This study was conducted to compare the spray coverage rate and spray uniformity of seven different types of hydraulic
nozzles (standard flat fan nozzles, ST; multirange nozzles, LU; air induction nozzles, IDK; twinjet air-induction nozzles, IDKT; narrow
cone-angle standard nozzles, STD; hollow cone nozzles, DC; and antidrift nozzles, AD) commonly used in pesticide applications at
low application volumes. All spray applications were carried out at a constant operating pressure of 300 kPa and a low application
volume of 80 L/ha. The experiments were carried out in a closed facility under controlled conditions. Spray applications were carried
out with the aid of a 12-m-long linear, automatic speed-controlled spray simulator. Water-sensitive paper was used for drop sampling.
The greatest spray coverage was achieved in LU nozzles and they were followed by DC and ST nozzles. The lowest spray coverage was
observed in IDKT nozzles. Increasing spray coverage rates were observed with decreasing spray heights. Increasing coverage rates were
also observed with decreasing forward speeds. Regarding spray uniformity, the lowest mean coefficient of variation (CV) was obtained
from AD, IDK, and IDKT nozzles producing medium and coarse droplets. It was concluded based on the present findings that the spray
height should be reduced to increase spray uniformity. ST, AD, and IDK nozzles have to be selected with greater forward speed in order
to increase spray uniformity. However, in LU and DC nozzles, the lowest CV was obtained at low forward speeds.
Key words: Low volume application, pesticide application, sprayer travel speed, spray height, spray simulator

1. Introduction
Field sprayers are commonly used in conventional
pesticide applications and hydraulic nozzles are used to
spray the pesticides onto the targeted surfaces. Various
types of hydraulic nozzles are designed in practice to
achieve a homogeneous spray pattern and sufficient target
coverage, to reduce drift potential, to achieve fast and easy
transfer of the active ingredient to lower sections of the
plant canopy, to reduce health risks to the operator and
the environment (Bozdogan and Yarpuz-Bozdogan, 2008,
2009, 2015), and finally to attain maximum efficiency in
pesticide application. Therefore, drop characteristics and
the rate of beneficial drops in the spectrum may vary
from nozzle to nozzle produced with different structural
characteristics.
The spray height of spray nozzles is determined based
on the spray beam angles of the nozzles. The maximum
spray heights for nozzles with 65°, 80°, 110°, and 120° spray
angles and 50-cm constant spacing are recommended
respectively as 75 cm, 60 cm, 40 cm, and 40 cm (Teejet®,
2018). Low spray-angle nozzles are mostly used in band-

spray applications for taller plants to improve drop
penetration into the plant canopy (Matthews, 2000).
Increasing spray heights with increasing spray angles will
also increase evaporation of the drops with the impact of
temperature and humidity and drift potential of the drops
with the impact of wind and turbulence generated by
reversed air flow. Such cases ultimately increase pesticide
losses. Spray angles of hydraulic nozzles generally vary
based on the design of the output orifice. The liquid line
leaving the orifice gets thinner at the same operating
pressure with enlarging spray angles and disintegration
resistance then decreases and a thinner spray is formed.
Since the transport energy to the target decreases with
increasing spray heights in these nozzles, pesticide losses
also increase through evaporation and drifts. Therefore,
there is a general tendency towards the use of large-angle
nozzles in practice (Matthews, 2000).
Preorifice air-induction nozzles produce coarse
droplets and volumetric distribution uniformity is
improved with spray heights (40–70 cm) (Womac et al.,
2001). Optimum spray height was reported as 38 cm for
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standard low-pressure nozzles (Wang et al., 1995). In
hydraulic nozzles, orifice size is a function of application
volume under the same operational conditions. Therefore,
nozzle orifice size is determined based on operational
parameters and nozzles are produced with different
orifice sizes. Throughout the plant growing season,
mostly nozzles with the same nominal sizes are used for
sprays against weeds, pests, and diseases. In herbicide
applications, surface distribution should be uniform and
homogeneous. In foliar applications, high penetration
and sufficient coverage over the target surface should be
achieved. Increasing plant heights, leaf areas, and densities
obligate drop penetration and increase application
volumes to achieve desired coverage levels. However, the
use of the same size nozzles outside the recommended
limits of operational parameters may reduce application
efficiency. Instead of using large-orifice nozzles to increase
application volume, increasing operational pressure will
not linearly increase drop transfer potential due to the
relationship between discharge and pressure, and drift
potential is even increased due to smaller drop sizes. In
contrast, reducing the operational pressure of large-orifice
nozzles to reduce application volumes may increase
variation in drop distribution (Salyani, 1999). Therefore,
in large-orifice nozzles, volumetric distribution uniformity
was reported to be improved only at high operational
pressures (Azimi et al., 1985; Womac et al., 2001).
It was reported under field conditions and the same
operational parameters that small-orifice nozzles yielded
greater coverage rates over the target surface (Al-Sarar et
al., 2006). Under constant operational pressure, the use of
an 8005-size nozzle instead of an 8003-size nozzle did not
increase drop penetration into lower sections of the plants
and variation in the distribution of the drops was even
higher (Zhu et al., 2002).
It was reported in previous studies investigating the
effects of operational pressure on volumetric distribution
that variation in volumetric distribution of an XR8004
standard flat-fan nozzle increased with increasing
operational pressures and the optimum spray heights at
104, 207, 311, and 380 kPa operational pressures were
respectively reported as 48 cm, 38 cm, 38 cm, and 36 cm
(Krishnan et al., 1988). In 6505, 8001, and 8003 standard
flat-fan nozzles, increasing volumetric distribution
uniformity was reported with increasing operational
pressures and coefficient of variation (CV) values were
greater than 10% only at low pressures (<207 kPa) (Azimi
et al., 1985). Similarly, it was reported that the volumetric
distribution uniformity of air-induction nozzles with
different orifice sizes (ultra plus low-drift, UPLD) improved
with increasing operational pressures (Womac et al.,
2001). The volumetric distribution uniformity of a TJ608004 twinjet air-induction nozzle at 139, 209, 313, and

382 kPa operational pressures was respectively reported
as 11.5%, 12.9%, 10.0%, and 9.6% (Krishnan et al., 1993).
On the other hand, differences in volumetric distribution
uniformity of an XR11004 nozzle at 138, 276, and 414 kPa
spray pressures were not found to be significant (Wang et
al., 1995).
Optimum forward speeds in pesticide applications
with field sprayers were reported as between 6 and 8
km/h and lower forward speeds were recommended for
applications at high wind speeds (Teejet®, 2013). However,
some researchers indicated that the amount of pesticide
transferred to the target increased with increasing forward
speeds. In surface pesticide applications with antidrift
nozzles under constant volume conditions, increasing
surface coverage rates, number of drops, and drop transfer
efficiencies were reported with increasing forward speeds
(6.4, 13.0, 19.0, and 26.0 km/h) and the surface coverage
rate (14%) at low forward speed was not sufficient (Womac
et al., 2001).
The present study was conducted to investigate the
effects of spray heights and forward speeds on the surface
coverage and spray uniformity of spray nozzles with
different design characteristics in low volume applications.
2. Materials and methods
2.1. Hydraulic nozzles and operational parameters
Seven hydraulic nozzles, two different forward speeds,
and three spray heights were used. The characteristics of
the hydraulic nozzles and the operational parameters are
provided in Table 1. Spray treatments were performed at
300 kPa constant operating pressure and 80 L/ha constant
application volume. A cylindrical-type 40-mesh screen
was used to prevent clogging in nozzle orifices. Discharge
measurements were calibrated with a digital calibrator
(Sprayer Calibrator, SpotOn®, Model: SC-1 (Innoquest,
Woodstock, IL, USA), measurement precision: ±2.5%;
measurement range: 0.08–3.79 L/min). Two different
orifice sizes were used for each nozzle type. Forward
speeds were changed to get the same application volume
from the nozzles with different orifice sizes at constant
pressure. Forward speed was calculated using the equation
V = (q · 600)/(B · N) (V: forward speed, km/h; q: nozzle
discharge, L/min; B: nozzle spacing, 0.50 m; N: application
volume, 80 L/ha).
2.2. Spray simulator
Spray applications were carried out with the aid of a linear
automatic speed-controlled spray simulator developed
by Sayıncı (2016) (Atatürk University Scientific Research
Project, Project Number No: 2013/128) (Figure 1). The
simulator is 50-cm wide and 12-m long. The simulator
frame was mounted over two rectangular profiles (90
× 180 mm) and included 4 induction bars (Ø20 mm).
A simulator vehicle moves over these bars with 8
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Table 1. Characteristics of hydraulic nozzles and operational parameters.
Nozzle
type*

Spray
angle

Orifice
size

Material**

ST

110°
110°
120°
120°
120°
110°
120°
120°
80°
80°
60°
62°
120°
110°

01
015
01
015
015
02
01
015
015
02
Ø1.0/C23
Ø1.2/Green
015
02

POM
POM
HSS
POM
POM
POM
POM
C
POM
POM
POM
POM
POM
C

LU
IDKT
IDK
STD
DC
AD

Operational
pressure (kPa)
300
300
300
300
300
300
300

Nozzle discharge Application
Forward speed Spray height
(L/min)
volume (L/ha) (km/h) (m/s)
(cm)
0.39
0.59
0.39
0.59
0.59
0.79
0.39
0.59
0.59
0.79
0.41
0.62
0.59
0.79

80
80
80
80
80
80
80

5.9 (1.64)
8.9 (2.47)
5.9 (1.64)
8.9 (2.47)
8.9 (2.47)
11.9 (3.31)
5.9 (1.64)
8.9 (2.47)
8.9 (2.47)
11.9 (3.31)
6.2 (1.72)
9.3 (2.58)
8.9 (2.47)
11.9 (3.31)

40, 60, 80
40, 60, 80
40, 60, 80
40, 60, 80
40, 60, 80
40, 60, 80
40, 60, 80
40, 60, 80
65, 85, 105
65, 85, 105
65, 85, 105
65, 85, 105
40, 60, 80
40, 60, 80

*: ST: Standard flat-fan nozzle; LU: Multirange nozzle; IDK: Air-induction nozzle; IDKT: Twin-jet air-induction nozzle; STD: Narrow
cone-angle standard nozzle; DC: Hollow cone nozzle; AD: Antidrift nozzle **: POM: Polyacetal; HSS: Hardened stainless steel; C:
Ceramic

Figure 1. Spray simulator.

V-sectioned bearing wheels. For the linear-move vehicle,
a 1000-W servo motor (Delta ASDA-B2, 1–5000 min–1,
Taiwan) was used as the power source. The transmission
between the servo motor and driving wheels (Ø125 mm)
was supplied through a belt and pulley mechanism with a
transmission ratio of 1/2.5. Vehicle forward speeds were
adjusted via a personal computer connected to a servo
motor drive through changing the motor shaft rpm. A
2.2-m-long spray boom was installed on the moving part
of the simulator. Spray boom height from the ground can
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be adjusted mechanically. Spray heights were determined
based on spray angles of the hydraulic nozzles. There were
5 nozzles over the spray boom and each was placed at 50cm spacing.
2.3. Hydraulic pressure unit
A field sprayer (TP600 Piton Taral®, Turkey) with a 600L capacity polyethylene tank was used to pressurize the
fluid. The sprayer pump was a TAR30-type with a piston
membrane (double piston, 40 kg/cm2 nominal pressure,
30 L/min nominal discharge, 67% yield, Taral®). The pump
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shaft is operated with an electric gear motor (MSD 90L2,
2780 rpm, Gamak, Turkey) at 600 rpm. The flow line of
the spray boom was connected to a 3-way electrovalve
control unit (20 bar, 140 L/min, Arag®, Rubiera, Italy). The
operational pressure of the fluid was controlled from an
automatic valve-controlled glycerin-filled manometer
with a maximum pressure monitor of 25 bar.
2.4. Sampling material
Water sensitive paper (WSP) (Novartis, Syngenta Crop
Protection, Basel, Switzerland) (26 × 76 mm) was used
as sampling material for spray applications. Yellow paper
has a special coating and spray drops generate blue stains
with a certain spreading rate. The manufacturer (Syngenta,
2002) specified sphere diameters (Dg) of the drops for
different stain diameters (Ds) at 20 °C temperature and 40%
relative humidity conditions. The relationship between
the stain diameter and drop diameter was expressed
0.879
with the equation Dg = 1.033 · Ds (Franz, 1993). All the
experiments were conducted in a closed facility under
controlled conditions. The facility’s indoor temperature
and relative humidity were measured with a digital
thermohygrometer (TFA 30.5013 Dostmann GmbH &
Co.KG, Germany).
Fourteen sampling posts with a height of 40 cm were
used to accommodate the WSP (Figure 2). Within the
sampling site, the posts were placed in a 50 × 450 cm2
area in two rows. Sheet metal (10 × 60 mm) was installed
horizontally in the bottom, middle, and top sections of the
posts. WSP samples were fixed to this sheet metal with a
clip. The WSP samples were placed at different orientations
(front, side, and reverse) and the upper head surfaces were
left open in the vertical direction.
2.5. Stain analysis and image processing operation
The WSP samples were scanned in gray scale with a
scanner (HP Scanjet 4850, USA) at 600 dpi resolution in

*.jpeg format and transferred to a personal computer. The
scanned images were trimmed based on image boundaries
and the sampling area (cm2) was determined with the aid of
ImageJ (version 1.38x, Wayne Rasband, National Institutes
of Health, USA) software. Separate thresholding was
applied to each paper image and they were transformed
into black and white images. The threshold (t) value was
determined based on a mean gray level (g) of each image.
For this purpose, the equation t = 0.38g + 78.75 developed
by Sanches-Hermosilla and Medina (2004) was used. The
mean gray level of the images (g) was determined through
writing a macro module.
2.6. Surface coverage rate and drop distribution uniformity
With the aid of image processing software, the coverage
rate of stains over WSP surfaces was determined as a
percentage (%). Since all the spray applications were
carried out at constant application volume, the statistical
analyses were performed on the raw data. Fourteen surface
coverage values measured at each height of the poles
constituted a data set of each replicate of the study. The CV
(%) was calculated as the ratio of the standard deviation
(SD) value of each data set to the mean value and the
results were assessed as drop distribution uniformity.
2.7. Statistical analysis
The experimental data were subjected to analysis of
variance (ANOVA) in accordance with a randomized
blocks factorial experimental design. Significant means
were compared with the aid of Tukey’s multiple range test
at a 95% significance level. The statistical analyses were
conducted with SPSS 20.0.
3. Results
In the facility where the experiments were conducted, indoor
temperature was 14.6 °C and relative humidity was 24.4%.

Figure 2. WSP sampling frame.
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3.1. Surface coverage rate and drop distribution uniformity of hydraulic nozzles
Variations in the surface coverage means of the nozzles are
presented in Figure 3 and the results of the multiple range
test are presented over the graph. The greatest coverage rate
was obtained from multirange nozzles (LU). Standard flatfan nozzles (ST) and hollow-cone nozzles (DC) had similar
surface coverage rates. It is remarkable that narrow coneangle standard nozzles (STD) had low mean coverage rates.
For coverage rates, these nozzles were followed by antidrift
nozzles (AD), air-induction nozzles (IDK), and twin-jet
air-induction nozzles (IDKT) in that order and the mean
surface coverage rates were quite different from each other.
According to Figure 4, the lowest CV values (10.9%,
11.4%, and 12.2%) in drop distribution uniformity were
respectively observed in IDK, AD, and IDKT nozzles, but
the differences in mean values were not significant. DC
and STD nozzles had similar mean CV values (19.3% and
20.1%) and they constituted the second smallest CV group
for spray uniformity. LU and ST nozzles with a mean CV
value of 25.5% and 26.3% constituted the greatest CV
group for drop distribution uniformity.
3.2. Effects of spray height on surface coverage rate and
drop distribution uniformity
Variance analysis revealed that spray heights had highly
significant effects on surface coverage rates (P < 0.01)
(Table 2). According to the multiple range test results
on general means, the greatest surface coverage rate was

observed with the lowest spray height. When the spray
height increased by 20 cm, the surface coverage rate
reached the lowest level. In DC nozzles, the effects of spray
height on surface coverage were not significant. However,
in ST nozzles, spray heights had highly significant effects
on surface coverage rates. In AD, STD, IDK, and LU
nozzles, doubling of spray height did not change surface
coverage rates. However, in ST and IDKT nozzles,
remarkable decreases were observed in surface coverage
rates with increasing spray heights.
The CV for drop distribution uniformity in applications
practiced at the lowest spray height was lower than that
at the other spray heights. However, in AD, DC, STD,
and IDKT nozzles, the effects of spray heights on mean
CV values were not significant. In LU and ST nozzles, the
lowest CV values were achieved at low spray heights. The
lowest values were achieved at medium and high spray
heights in IDK nozzles.
3.3. Effects of forward speeds on surface coverage rate
and drop distribution uniformity
Under constant operating pressure and application
volume, surface coverage rates significantly decreased
with increasing forward speeds (P < 0.01) (Table 3). The
reduction in surface coverage was especially remarkable for
AD and STD nozzles. Despite the standard orifice size of
IDKT nozzles, different drop characteristics were observed
because of different designs and, contrary to other nozzles,
surface coverage increased instead of decreasing.

40

20

10

7.3 f

9.4 e

15

23.9 b

27.8 a

25

16.0 c

22.9 b

30

13.0 d

Surface coverage rate (%)

35

5
0

AD

DC

STD

IDK

IDKT

LU

ST

Hydraulic Nozzles
Figure 3. Variations in surface coverage rates (%) of hydraulic nozzles (mean ±
SD) (means indicated with different letters are significantly different according to
Tukey’s multiple range test at 95% significance level).
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15
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20

12.2 a

19.3 b

25

20.1 b

30

11.4 a

Drop distribution uiformity (%CV)

35

10
5
0

AD

DC

STD

IDK

IDKT

LU

ST

Hydraulic nozzles
Figure 4. Variations in drop distribution uniformity (CV, %) of hydraulic nozzles
(mean ± SD) (means indicated with the same letters are not significantly different
according to Tukey’s multiple range test at 95% significance level).

According to general means at constant application
volume, improved drop distribution uniformity was
observed at high forward speeds. Considering the drop
distribution uniformity of hydraulic nozzles, variations in
CV values were not significant in STD or IDKT nozzles.
Except for LU nozzles, mean CV values of the nozzles
significantly decreased with increasing forward speeds.
4. Discussion and conclusion
4.1. Surface coverage rate
Different surface coverage rates were observed in hydraulic
nozzles with different nozzle main body structure and
dimensional characteristics. Such differences were
mainly attributed to different spray characteristics of the
nozzles. Surface coverage rates were generally higher in
fine droplet-producing nozzles (LU, ST, STD, and DC).
However, the remarkably high mean values of LU nozzles
indicated significant effects of large spray angles on surface
coverage rates. Thus, in standard type nozzles (ST and
STD), decreasing surface coverage rates were observed
with decreasing spray angles. On the other hand, conical
form of spray in DC nozzles with a narrow spray angle
significantly increased surface coverage rates.
Among the present hydraulic nozzles, coarse dropletproducing ones (IDK and IDKT) had lower mean surface
coverage rates than the others. For air-induction nozzles,
operational pressures are recommended to be between
100 and 600 kPa (Lechler®, 2018). These types of nozzles

are mostly used to prevent drifts and resultant off-target
applications. Zhu et al. (2004) reported greater drop
penetration for air-induction nozzles than for the standard
ones. However, in low volume applications, operation of
air-induction nozzles at high operational pressures (>300
kPa) will increase the rate of fine droplets and thus yield
greater surface coverage rates.
In DC nozzles, the conical form of spray brought
about an advantage over the standard ones and thus the
surface coverage rates of DC nozzles were not influenced
by spray heights. Spray heights significantly influenced
surface coverage of all standard type nozzles. Teejet® (2013)
recommended average spray height for the nozzles with
80°, 110°, and 120° spray angles respectively as 75 cm, 50
cm, and 60 cm. Similarly, Albuz® (2016) recommended
spray height for 80° spray angle as between 80 and 120 cm
and spray height for 110° spray angle as between 40 and 80
cm. Therefore, the present spray heights were selected in
accordance with the spray angles of the nozzles. In general,
remarkable increases were observed in surface coverage
rates when the spray heights were arranged at a minimum
level within the recommended ranges.
In order to analyze the effects of forward speeds on
surface coverage rates, large-orifice nozzles were used at
higher speeds to have a constant application volume. In
this way, comparisons were made by generating equal
conditions for operational parameters. The present
findings revealed that small differences in orifice sizes
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Table 2. Effects of spray heights on surface coverage rate (%) and drop distribution uniformity (CV%).
1

Nozzle type

Spray height

Surface coverage
(%, mean ± SD)

AD

40 cm

13.3 ± 2.6 a§

60 cm

12.4 ± 2.5 b

80 cm

13.4 ± 3.0 a

65 cm

23.3 ± 4.8 a

85 cm

21.9 ± 5.2 a

105 cm

23.5 ± 4.1 a

65 cm

16.9 ± 3.7 a

85 cm

15.3 ± 3.7 b

105 cm

15.8 ± 4.1 ab

40 cm

9.6 ± 1.3 a

60 cm

8.9 ± 0.9 b

80 cm

9.5 ± 1.2 a

40 cm

7.8 ± 1.8 a

60 cm

7.0 ± 1.0 b

80 cm

7.1 ± 1.0 b

40 cm

29.5 ± 5.1 a

60 cm

25.8 ± 7.4 b

80 cm

28.3 ± 9.3 ab

40 cm

26.7 ± 6.3 a

60 cm

22.1 ± 5.9 b

80 cm

22.9 ± 6.8 b

DC

STD

IDK

IDKT

LU

ST

F value
(Sigma, P)
7.400
(0.001)**

Coefficient of variation
(CV%, mean ± SD)
10.2 ± 3.6 a
12.2 ± 5.5 a
11.7 ± 4.4 a
19.6 ± 3.3 a

2.880
(0.058)ns

21.7 ± 6.4 a
16.7 ± 4.2 a

4.725
(0.010)**
8.453
(0.000)**
22.160
(0.000)**
5.348
(0.005)**
13.446
(0.000)**

18.4 ± 5.0 a
20.6 ± 2.0 a
21.2 ± 2.8 a
13.3 ± 2.9 b
9.2 ± 1.8 a
10.0 ± 2.3 a
13.9 ± 5.2 a
10.3 ± 1.7 a
12.4 ± 4.1 a
16.6 ± 4.5 a
28.9 ± 5.3 b
33.4 ± 4.0 b
21.4 ± 6.2 a
25.0 ± 5.3 ab
30.0 ± 3.5 b

F value
(Sigma, P)
0.706
(0.513)ns
2.410
(0.132)ns
1.045
(0.382)ns
12.430
(0.001)**
2.296
(0.143)ns
26.309
(0.000)**
6.039
(0.015)*

: ST: Standard flan-fan nozzle; LU: Multirange nozzle; IDK: Air-induction nozzle; IDKT: Twin-jet air-induction nozzle;
STD: Narrow cone-angle standard nozzle; DC: Hollow-cone nozzle; AD: Antidrift nozzle.
§
: The means indicated with the same letters in the same column are not significantly different according to Tukey’s multiple
range test at 95% significance level.
**: Highly significant (P < 0.01); *: Significant (P < 0.05); ns: Not significant
1

greatly altered spray characteristics. Drop size increased
when large-orifice nozzles were used, and thus surface
coverage rates decreased at higher forward speeds. Koszel
(2009) also reported decreasing surface coverage rates with
increasing forward speeds (1.39, 1.94, and 2.50 m/s [5, 7,
and 9 km/h]) in a standard flat-fan nozzle (11003, 1.17 L/
min @300 kPa, Lechler, Germany). Vučajnk et al. (2013)
used air-induction nozzles at different forward speeds
(1.39, 2.36, and 3.33 m/s [5.0, 8.5, and 12.0 km/h]) for
fungicide application to winter wheat and reported greater
surface coverage rates over the back side of the plants and
decreasing surface coverage rates with increasing forward
speeds. Those findings proved the present relationships
between forward speeds and surface coverage rates. On the
other hand, Western et al. (1994) indicated that different
forwards speeds (0.5, 1.0, and 2.0 m/s [1.8, 3.6, and 7.2
km/h]) did not yield consistent effects on drop penetration
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or surface adhesion in air flow electrohydrodynamic
loaded spray applications.
4.2. Drop distribution uniformity
Hydraulic nozzles were gathered under three groups based
on mean CV values for drop distribution uniformity. The
first group had the greatest mean CV values and included
mostly the standard type nozzles (LU and ST) with normal
spray angles and producing fine droplets. The second group
included the nozzles with narrow spray angles (DC and STD).
The third group had the lowest mean CV values and included
coarse droplet-producing nozzles (AD, IDK, and IDKT).
Supporting the present findings, Sayinci and Bastaban (2011)
reported that mean CV values of medium and coarse dropletproducing nozzles were lower than those of fine dropletproducing nozzles. It was concluded based on the present
findings that spray characteristics and spray angles might
have significant effects on drop distribution uniformity.
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Table 3. Effects of forward speeds on surface coverage rate (%) and drop distribution uniformity (CV%).
Nozzle type

Forward speed
(km/h, [m/s])

Surface coverage
(%, mean ± SD)

F value
(Sigma, P)

Coefficient of variation
(CV%, mean ± SD)

F value
(Sigma, P)

AD

8.9 [2.47]

15.0 ± 2.5 a§

14.6 ± 3.9 b§

11.9 [3.31]

11.0 ± 1.0 b

305.447
(0.000)**

19.126
(0.001)**

6.2 [1.72]

23.1 ± 4.3 a

17.1 ± 5.0 a

9.3 [2.58]

22.7 ± 5.2 a

0.272
(0.602)n

8.9 [2.47]

17.9 ± 3.9 a
14.1 ± 2.7 b

85.132
(0.000)**

21.4 ± 2.4 a

11.9 [3.31]
5.9 [1.64]

9.5 ± 1.3 a
9.2 ± 1.0 a

2.339
(0.127)ns

12.5 ± 2.9 b

8.9 [2.47]
8.9 [2.47]

6.5 ± 0.9 b
8.2 ± 1.2 a

217.193
(0.000)**

12.9 ± 5.1 a

11.9 [3.31]
5.9 [1.64]

28.2 ± 7.2 a
27.5 ± 8.0 a

0.460
(0.498)ns

24.1 ± 8.5 a

8.9 [2.47]
5.9 [1.64]

24.6 ± 7.5 a
23.1 ± 5.6 a

3.567
(0.060)ns

28.6 ± 5.3 b

8.9 [2.47]

1

DC
STD
IDK
IDKT
LU
ST

8.2 ± 1.3 a
21.5 ± 4.1 b
18.8 ± 4.1 a
9.2 ± 1.8 a
11.4 ± 2.6 a
28.6 ± 8.4 b
22.3 ± 5.2 a

5.700
(0.034)*
2.554
(0.136)ns
21.968
(0.001)**
1.101
(0.315)ns
5.274
(0.040)*
9.569
(0.009)**

: ST: Standard flan-fan nozzle; LU: Multirange nozzle; IDK: Air-induction nozzle; IDKT: Twin-jet air-induction
nozzle; STD: Narrow cone-angle standard nozzle; DC: Hollow-cone nozzle; AD: Antidrift nozzle.
2
: POM: Polyacetal; HSS: Hardened stainless steel; C: Ceramic.
§
: The means indicated with the same letters in the same column are not significantly different according to Tukey’s
multiple range test at 95% significance level.
**: Highly significant (P < 0.01); *: Significant (P < 0.05); ns: Not significant
1

Although reducing spray heights to improve drop
distribution uniformity seems to be an appropriate
approach, such approaches were seen to be varied with the
type of nozzle. Thus, CV values decreased with decreasing
spray heights in fine droplet-producing large spray angle
nozzles (LU and ST). On the other hand, in coarse dropletproducing nozzles, the lowest CV values were observed at
medium or high spray heights. The present findings were
also supported by the results published by Womac et al.
(2001) reporting the lowest CV for 41-cm spray height
of standard nozzles and for 71-cm spray height of airinduction nozzles.
General assessments of spray applications revealed that
the effects of forward speeds on mean CV values varied

with the nozzle type. It was observed when the nozzles were
categorized based on droplet diameters they produced that
mean CV values of medium and coarse droplet-producing
nozzles at higher speeds decreased and more uniform
distributions were achieved as compared to other nozzles.
On the other hand, in fine droplet-producing DC and LU
nozzles, the lowest mean CV values were obtained at low
forward speeds.
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